ed with other modalities prior to GKS: resection alone in six patients, endovascular embolization alone in three, combined surgery and embolization in two, and fractionated radiotherapy after either embolization or surgery in one each. All of these treatments had failed to obliterate the AVMs. Gamma knife surgery was the primary treatment in the remaining 19 patients (59%). At the time of GKS, 19 patients (59%) demonstrated no neurological deficits, and the others showed some clinical symptoms caused by past hemorrhage or prior treatment sequelae. There was headache in five, seizures in three, motor weakness in four, recent memory disturbance in three, aphasia in two, and a sensory disturbance in one. The location of the AVM nidus within the corpus callosum was at the genu in five patients, as shown in Fig. 1 , in the body in nine, and in the splenium in 19, as shown in Fig. 2 . One AVM extended across two locations. The median nidus volume was 1.6 cm 3 (range 0.1-19.1 cm 3 ). There were 11 patients (34%) in whom the AVM had a maximum nidus diameter exceeding 3 cm. The median nidus volume among these 11 patients was 9.4 cm 3 (range 1.4-19.1 cm 3 ). We used the radiosurgery-based grading system scores proposed by Pollock and Flickinger 6 to evaluate the patient outcomes. This score was calculated according to the following equation: AVM score = (0.1) ϫ (AVM volume in cm 3 ) + (0.02) ϫ (patient age in years) ϩ (0.3) ϫ (location of lesion). The scores for the different regions were: frontal or temporal 0; parietal, occipital, intraventricular corpus callosum, or cerebellar 1; and basal ganglia, thalamus, or brainstem 2. 6 Biplanar stereotactic cerebral angiography was the sole imaging modality used for radiosurgical dose planning until February 1991. Thereafter stereotactic CT or MR imaging was combined with angiography. Image-integrated treatment planning was performed jointly by neurosurgeons and radiation oncologists with commercially available software (KULA or Leksell GammaPlan; Elekta Instruments AB, Stockholm, Sweden). In principle, the desired dose applied to the margin of each AVM nidus was 20 Gy or greater and was placed in the 50% isodose line. The prescription dose was occasionally reduced because of the nidus volume, the location of AVMs, and/or the clinical status of the patient. After GKS, serial cerebral angiography was performed every year until 1992. Beginning in 1993, the patients underwent angiography only when obliteration of the AVM nidus was strongly suggested based on MR or CT imaging, which was performed every 6 months after treatment.
Statistical Analysis
The actuarial obliteration rate was calculated using the Kaplan-Meier method. The log-rank test was used to analyze factors potentially affecting successful AVM obliteration. Continuous variables were dichotomized at their median values. A probability value less than 0.05 was considered to be statistically significant.
Results
There was a median follow-up period of 9 years in 32 patients (range 1-12 years) after GKS. Complete AVM obliteration was confirmed on cerebral angiography in 21 ) involving the genu of the corpus callosum. She had previously undergone partial resection of the lesion and had bled twice after surgery. The residual AVM was treated with 20-Gy GKS to the margin (C). No hemorrhage was demonsrated on angiography thereafter, and no complication was noted. An angiogram revealed that the AVM was completely obliterated 26 months later with preservation of the adjacent normal vascular structures (D).
patients (66%). The actuarial obliteration rate was 64% and 74% at 4 and 6 years, respectively as shown in Fig. 3 left. Repeated GKS was performed in two patients because their AVMs were not completely obliterated more than 3 years after the initial GKS.
Patient age, sex, AVM volume, maximum diameter, type of venous drainage, Spetzler-Martin grade, 10 radiosurgerybased grading score, and margin dose as well as a history of hemorrhage, surgery, or embolization were included in the analysis of successful AVM obliteration. Among these variables, the radiosurgery-based grading score (p Ͻ 0.01) was statistically significant ( Table 2) . Analysis of the effects of age showed that in patients younger than 33 years a significantly higher obliteration rate was demonstrated than in those older than 33 years (p Ͻ 0.05), as indicated in Fig. 3 
right.
No patient suffered a hemorrhage after GKS during the follow-up period. Three patients showed improvement of their existing neurological deficits. Radiation-induced neurological complications were observed in only one patient (3%) who had previously undergone transarterial embolization followed by conventional radiotherapy (50 Gy in 25 fractions) for a ruptured AVM. This patient demonstrated dysesthesia and dysarthria 6 months after GKS with margin dose of 18 Gy. Both symptoms were transient and resolved within 24 months. In the remaining 28 patients, the clinical status was unchanged. Follow-up radiographic images revealed no occlusion or stenosis of any normal vascular structures adjacent to the AVMs.
A graph was created to analyze the relationship of AVM diameter and volume (Fig. 4) . Observed volumes were much smaller than the volumes that are estimated if the lesion is spherical. In addition, to approximate the extent of the slender shape of an AVM, the ratio of maximum to minimum nidus diameter was calculated as reported previously. 4 The median value of this ratio was 1.59 (range 1-4.25).
Discussion
Corpus callosum AVMs are known to cause repeated hemorrhage more frequently than those found in other locations. 1 Once they have caused hemorrhage, therapeutic intervention will be required in most cases. The results of evaluation of treatment outcomes for cerebral AVMs usually emphasize their efficacy in saving the patient from future hemorrhage as well as the price that must be paid for this safety in terms of treatment-related sequelae. Bearing this in mind, resection is not always the ideal method to treat AVMs involving the corpus callosum because extensive resections seem to be associated with an increased risk of damaging surrounding normal structures. In contrast, GKS for AVMs in this region achieved a high obliteration rate with minimal neurological deficits. In our study, no patient suffered a subsequent hemorrhage after GKS during the long-term follow-up period, even though a large proportion
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Gamma knife surgery and corpus callosum AVMs ), which was supplied by multiple feeding arteries and draining into the great vein of Galen. During GKS 18 Gy was delivered to the AVM margin (C). The AVM was completely obliterated 25 months later without any complications or post-GKS hemorrhage, although an aneurysm on the feeding vessel just proximal to the nidus remained (D) .   FIG. 3 . Graphs of Kaplan-Meier curves of the angiographically confirmed obliteration rate following GKS for corpus callosum AVMs. The actuarial obliteration rate among all 32 patients was 74% at 6 years (left), whereas the rate in the younger age group was significantly higher than that in older age group (p Ͻ 0.05, right). of the patients (88%) had a history of hemorrhage at the time of radiosurgical treatment. The bleeding risk from corpus callosum AVMs seemed to decrease substantially after GKS. Our results strongly suggest a protective effect from hemorrhage after GKS, although further study will be required to address this issue.
In the analysis of factors affecting obliteration, younger patient age and a lower radiosurgery-based grading score were statistically significant. This result was compatible with those in previous reports. 6, 7 The obliteration rates in our study are slightly lower than those in our previous studies. 8, 9 This may well be due to the fact that one third of the AVMs in this study were comparatively large, with a maximum diameter of more than 3 cm. It is worth emphasizing that despite the large volumes no patient suffered significant permanent radiation-induced disability with the exception of one patient who had received previous radiotherapy. Despite the larger AVM diameters, no patients had a radiationinduced complication except for one patient who had undergone prior conventional radiotherapy (50 Gy). Also, there was no evidence of adverse radiation effects on the anterior cerebral arteries or deep-seated venous structures during our follow-up period. We therefore posit that GKS can be regarded as a safe modality to treat AVMs involving the corpus callosum.
The AVM volumes in this study were not too large because although approximately one third were a maximum diameter of 3 cm, they were not spherical. The slender shape of many of these lesions was shown by the use of the ratio of maximal-minimal nidus diameter. In our series AVMs had a more slender shape than in other locations, with a median ratio of 1:59. Therefore, although the AVMs often extended over the cerebral parenchyma with longer diameter, we considered that even those with diameter greater than 3 cm on angiography can be successfully treated if their volume is small enough due to a slender shape. It is the volume of AVMs rather than their maximum diameter that is crucial when considering their suitability for GKS.
Conclusions
Gamma knife surgery can be an effective treatment for selected patients with AVMs involving the corpus callosum. There seems to be a low risk of damaging adjacent critical vascular structures. The obliteration rate was higher in younger patients. The rebleeding rate in this series was zero despite a long follow-up period and the fact that 88% of the lesions had bled prior to treatment.
